In ductile cast irons with copper, cementite stability was investigated against an annealing heat treatment used to obtain a fully ferritic matrix. Copper controls cast-iron mechanical properties, but its role in the matrix microstructure formation remains unclear. Some reports suggest the copper layer around graphite or cementite. They can be barrier to carbon diffusion at eutectoid reaction, however it is difficult to understand the mechanism of pearlite stability by copper. To confirm the existence of the barrier and effect of copper addtion, ten 9-mm-thick spheroidal graphite cast iron castings were prepared with different copper contents of 0.16 wt% -0.69 wt%. The samples' as-cast microstructures included spheroidal graphite, ledeburite, and pearlite. The pearlite fraction degreases to about 10% by heat treatment for ordinary ductile irons without intentional copper addition. The samples' copper content and the pearlite fraction after heat treatment are not linearly related. The retained pearlite increased suddenly with increased copper content greater than 0.4 wt%. However, even the sample with the highest copper content showed no precipitation of a copper solid solution around graphite nodule or cementite.
Introduction
Cast irons have various microstructures. For example, the matrix structure varies from low-carbon ferrite to high-carbon pearlite or an austempered structure. Spheroidal graphite cast iron with pearlitic matrix is important because of its moderate strength and ductility [1] . Therefore, various methods have been used to make the pearlite structure more stable. Copper has been an effective element for use with cast iron to maintain the matrix pearlite [2, 3] .
Copper is an interesting element for use in steels and irons [3] [4] [5] [6] . Lacaze et al. described in detail the respective roles of copper and manganese for pearlite formation in spheroidal graphite cast irons [7, 8] . They proposed a mechanism based on the calculated values of austenite decomposition temperature to ferrite graphite system or pearlitic system, in addition to the measured difference in under-cooling required for austenite-ferrite/graphite decomposition and austenite-pearlite decomposition. They reported the respective effects of copper and manganese on microstructure formation.
Many mechanisms have been reported to make pearlite stable. A thin layer of copper solid solution at graphite / matrix interface prevents the decomposition of pearlite [9] . Alternatively, when copper and manganese are added together, the copper in ferrite concentrates the manganese in cementite. Manganese also renders carbide more stable; therefore, the cementite in pearlite is rendered stable [10] .
This study investigated the effect of copper addition within 0.7 wt%Cu on microstructure formation of spheroidal graphite cast iron during ferritisation annealing.
Experimental Procedure
Samples were centrifugally cast into 9-mm-thick pipes using one melt from a cupola. Changing the copper in the ladle varied the copper contents of the respective samples. Chemical compositions of the samples are presented in Table 1 . Ten samples with different copper contents were obtained. The copper contents were, respectively, 0.164 wt%, 0.189, 0.241, 0.317, 0.386, 0.432, 0.486, 0.553, 0.657, and 0.692. Microstructures of the as-cast materials were as presented in Fig. 1 . They consisted of spheroidal graphite, ledeburite, and pearlite, irrespective of copper content. As-cast samples were annealed at 1250 K for 15 min and cooled to 1050 K with cooling speed of 25 K/min, then cooled to 910 K with 5 K/min. Subsequently, they were air-cooled to room temperature. The matrix of ordinary ductile cast irons without copper addition became fully ferritic by this heat treatment. The hardness and tensile properties of the samples were measured. The tensile specimens were cut longitudinally from the pipes after annealing, and were 20-mm long with a 6-mm diameter parallel body for gauging. The microstructures were observed in detail using transmission electron microscopy (TEM). The TEM samples were made using focused ion beam ablation technique (FIB). We observed a graphite/matrix interface in the pearlite and ferrite/ cementite interface.
Results and Discussion

Relation between Copper Content and Pearlite Volume Fraction.
The effect of copper addition on pearlite stability is shown in the microstructures presented in Fig. 2 . The fraction of pearlite in the matrix becomes greater with increasing copper content. Fig. 3 shows the relation between copper content and pearlite volume fraction with values from literatures [2, 8] measured for different manganese content. The volume fraction of graphite nodules is not counted.
When the copper content was greater than about 0.4 wt%, the pearlite volume fraction increased significantly on 0.25wt%Mn series, as depicted in Fig. 2 . The pearlite fractions differ greatly among them, although the difference in copper content is smaller than 0.07%. Such abrupt increase in pearlite volume fraction was occurred around 0.6wt% Cu for the specimen series with smaller manganese content [8] . The behaviour of the strength increases with copper content, just as the pearlite fraction increases with copper content, as depicted in Fig. 3 . Actually, the tensile strength and 0.2% proof stress are proportional to the pearlite volume fraction. The ductility shows an opposite relation to that of strength. These results are comparable with those obtained for ordinary ductile cast iron with different pearlite volume fractions without copper addition [11] .
Phase Diagram. Some Some differences might exist in microstructure formation at about 0.4%Cu. It is important to confirm the stable phases using the phase diagram. However, experimental phase diagram information for ternary or higher-order alloy systems is rare and often absent. Therefore, using thermodynamic equilibrium calculations to facilitate design and optimisation of the compositions and processing parameters of a multi-component alloy would be an advanced and acceptable approach. Computational thermochemistry, as used in the calculation of phase diagrams (CALPHAD) approach, can provide a clear image for such systems as Fe-C-Si-Cu alloy.
Thermo-Calc (Termo-Calc Sofrware AB) thermodynamic software was used. Fig. 5(a) shows an Fe-Cu phase diagram that is fixed 3.66 wt%C and 1.73 wt%Si. These values are comparable to those of samples in this study. Similarly, a calculated Fe-C phase diagram is shown in Fig. 5(b) for copper content fixed at 0.7 wt% and silicon content fixed at 1.73 wt%. The copper dissolves completely in ferrite and austenite in the copper content range of this study. It is clear that the solid solution phase of copper, ε phase, should not precipitate. TEM Observations. The microstructure of the 0.692 wt%Cu sample was observed using TEM. Fig. 6(a) shows the whole specimen prepared using FIB. Although some separation is apparent at the interface between graphite and matrix, no evidence of copper phase exists, as shown in (b) and (c). Figs. 6(d) and 6(e) are areas of pearlite. No evidence of copper phase is visible. For example, the selected area electron beam diffraction analysis (SAD) for site (e) shows only diffraction patterns for ferrite and cementite.
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As suggested by the phase diagrams shown in Fig. 5 , copper dissolves in austenite. After cooling to just below the eutectoid reaction, copper also can dissolve in ferrite in the copper content range used for this study. That is, the copper content of the ferrite phase in the pearlite increased with additional copper content. In the γ-Fe phase, copper with ion diameter greater than iron expands the lattice. Copper has no great affinity to carbon: it hastens the diffusion of carbon [12] . Then the decomposition of austenite with higher copper content proceeds faster than that of lower copper content, which is convenient for ferrite-graphite decomposition of the meta-stable eutectoid product, pearlite. The presence of manganese, as reported by Lacaze [7] , has the important role of stabilising cementite. Kawano et al. reported that the higher concentration of copper in austenite promotes higher concentration of manganese in cementite in pearlite [10] . It might be true that the origin of pearlite stability by copper addition is the manganese concentration into cementite by copper. The manganese concentration in cementite sufficient to stabilise the cementite activated copper content is greater than 0.4 wt%; in this study, manganese contents were 0.35 wt%.
Conclusions
(1) In ductile cast iron with 0.25wt%Mn after ferritisation annealing, the pearlite volume fraction increased considerably when copper contents were greater than 0.4 wt%. The critical value of copper for pearlite fraction move to higher content with decreaseing manganese content.
(2) Mechanical properties depended on the pearlite volume fraction when copper contents were less than 0.7 wt%.
(3) In terms of the solid solubility limit, copper can dissolve into iron at least 1.0 wt%. Copper phase should not appear for copper contents used in this study. That was confirmed using TEM observation, which revealed no copper phase in the ferrite-cementite interface or the graphite-matrix interface.
